Long-distance dispersal (LDD) of seeds has a critical impact on species survival in patchy landscapes. However, relative to pollen dispersal, empirical data on how seed LDD affects genetic diversity in fragmented populations have been poorly reported. Thus, we attempted to indirectly evaluate the influence of seed LDD by estimating maternal and paternal inbreeding in the seed rain of fragmented 8 Pinus densiflora populations. In total, the sample size was 458 seeds and 306 adult trees. Inbreeding was estimated by common parentage analysis to evaluate gene flow within populations and by sibship reconstruction analysis to estimate gene flow within and among populations. In the parentage analysis, the observed probability that sampled seeds had the same parents within populations was significantly larger than the expected probability in many populations. This result suggested that gene dispersal was limited to within populations. In the sibship reconstruction, many donors both within and among populations appeared to contribute to sampled seeds. Significant differences in sibling ratios were not detected between paternity and maternity. These results suggested that seed-mediated gene flow and pollen-mediated gene flow from outside population contributed some extent to high genetic diversity of the seed rain (H E > 0.854). We emphasize that pine seeds may have excellent potential for gene exchange within and among populations.
at maternally than paternally inherited markers in conifer (Latta et al. 1998; Liepelt et al. 2002) and many other windpollinated species (e.g., oaks). Thus, the accepted dogma has been that pollen dispersal is the main vector of gene flow among fragmented populations (Hamrick 2004; Bittencourt and Sebbenn 2007) .
However, rare seed LDD events have a critical impact on species survival in patchy landscapes because seed dispersal is the only way that populations can exchange individuals or colonize empty, but suitable, habitat (Higgins and Richardson 1999; Bacles et al. 2006; Nathan 2006; Kramer et al. 2008) . Cain et al. (2000) mentioned that, despite its fundamental role in natural populations, relatively little attention has been paid to LDD of seeds; in some instances, its significance has been strongly downplayed. Recent articles on wind-pollinated tree species have demonstrated that mechanistic models provide accurate probabilistic descriptions of seed LDD by wind (Nathan and Muller-Landau 2000; Nathan et al. 2001 Nathan et al. , 2002 Williams et al. 2006) . Indeed, LDD of winged seeds was reported in Betula maximowicziana (Goto et al. 2004) and Pinus densiflora (Iwaizumi et al. 2010 ) by microsatellite analysis. Moreover, LDD of seeds enhances metapopulation survival and decelerates the loss of genetic variability (Bohrer et al. 2005) . Although the importance of seed LDD was indicated and confirmed by simulations or by microsatellite analysis, empirical data on extent that seed LDD contributes to the genetic diversity of fragmented populations are still poorly reported.
The genetic approach to directly estimating gene flow among fragmented populations has some problems. Most genetic methods, such as parentage analysis , 2-generation analysis (Austerlitz and Smouse 2001) , and the estimation of mating systems based on the mixed mating model (Ritland 2002) , require the collection of individuals of 1 gender (e.g., mothers) with their offspring and of large samples to assign candidate parents adequately (Marshall et al. 1998; Nielsen et al. 2001) . However, in natural tree populations, if there are many conspecific populations in a study area, candidate parents are difficult to assign adequately by parentage analysis.
In this study, we attempt to evaluate the seed-mediated gene flow indirectly in the fragmented populations using several known genetic methods. First, random seed (i.e., seed rain) and tree samples are obtained in fragmented populations. Second, common parentage analysis is used to evaluate within-population gene flow by estimating the proportion of seed rain resulting from mating among relatives (inbreeding). The observed probability that both the paternal and maternal parents were detected within population is compared with the expected probability calculated based on the assumption that all trees in the population contributed equally to the seed rain. Third, total gene flow (both within and among populations) is estimated using sibship reconstruction, a newly developed technique for parentage analysis . The amount of paternal and maternal inbreeding in the seed rain can be estimated using only the genetic data of the gametic alleles. Finally, seed LDD can be evaluated as the difference in inbreeding between the common parentage analysis and the sibship reconstruction analysis.
The main aim of this study was to evaluate the influence of seed LDD on the genetic diversity of fragmented populations. We select P. densiflora Sieb. et Zucc., a conifer that is both wind pollinated and wind dispersed, as the study organism and discuss the impact of fragmentation on the genetic diversity of P. densiflora.
Materials and Methods

The Study Species
Pinus densiflora is one of the most widely distributed Japanese conifers, ranging from southern Hokkaido through Honshu, Shikoku, and Kyushu. Pinus densiflora often dominates sterile sites, such as along ridges (Nakagawa 2003) . At the regional scale, its distribution is discontinuous but populations are not fully isolated. This species is wind pollinated and monoecious but restricts self-fertilization with zygotic lethal alleles (Kanazashi et al. 1990 ). In recent years, P. densiflora forests have been subdivided by human footprints, such as rice fields and residential zones. Moreover, over the last 5 decades, many remnant populations have gone extinct due to pine wilt disease caused by the pine wood nematode (Fujimoto et al. 1989 ).
Field Measurement
The study area was located at the eastern slope of Abukuma mountain ridge in central Japan (37°51′N, 140°53′E, 68 m asl at its center) (Figure 1) . The difference of elevation in the area was about 400 m asl. In 2004, P. densiflora populations distributed in the western part of the study area were fragmented by Cryptomeria japonica plantations or by secondary forests containing deciduous broad-leaved species such as Quercus serrata, Castanea crenata, and Acer palmata var. matsumurae. In the eastern portion of the study area, the populations were fragmented by rice fields, fruit farms, and residential zones.
We placed the 4-km 2 study plot (within dotted frame in Figure 1 ) in the center of the study area. We determined which reproductive populations were more than 30 years old from the forest database of the Fukushima prefectural government. We selected 8 healthy P. densiflora populations as the study populations (pf1-8 in Figure 1 ). The precise management history of each population was unknown although P. densiflora populations are mainly regenerated naturally in this area (Ozawa, personal observation) .
To profile the 8 populations, four 225-m 2 (15 × 15 m) plots per hectare were established in 2004, with plots separated by more than 20 m (the number of plots per population is shown in Table 1 ). The number of trees was counted within each plot. The size of the population (PS) was calculated as PS (trees) = (n/0.0225) × PA (ha), where n is the mean number of trees within the plots and PA is the area of the population. If pine wilt disease is spread over a population, tree density decreases relative to a healthy population (data not shown). Thus, to evaluate the influence of the fragmentation (i.e., subdivided to small populations) on the genetic diversity in selected P. densiflora populations, it is needed to confirm the selected populations are growing under same condition. Spearman's rank correlation analysis was adopted to analyze the significance between the size of the population (PS) and the area of the population (PA) (calculated by StatView v. 5.0 software, SAS Institute Inc., Cary, NC).
Sampling Strategy
To obtain the genetic profiles of trees and typical seed rains in the populations, we randomly sampled trees and seeds across all areas of the populations. In each population, we collected needle samples from 32 to 58 trees that were at least 15 m apart. We collected seed samples with seed traps set at the center of each plot from September to December in 2004. About 70 seeds per population were selected from the pooled samples of all traps and used for DNA extraction. Each seed was divided into embryo (2n) and megagametophyte (n) before the extraction.
DNA Extraction
DNA was extracted from the embryo, megagametophyte, and needles by a cetyltrimethylammonium bromide protocol (Shiraishi and Watanabe 1995) . Microsatellite (simple sequence repeat, SSR) loci were amplified using 8 primers pdms011, pdms009 (Watanabe et al. 2006) , pde14 (Lian et al. 2000) , bcpd006 (Goto et al. 2005) , bcpd502, bcpd222, bcpt703, and bcpt834 (Isoda, Watanabe, unpublished data). Polymerase chain reaction (PCR) amplification was performed using the DNA Engine™ Model PTC-200 (MJ Research Inc., Hercules, CA) and a Multiplex PCR kit (Qiagen Inc., Valencia, CA). The PCR reaction was modified based on the standard SSR thermal reaction conditions recommended by the manufacturer (Iwaizumi et al. 2007 ). The amplified fragment sizes were determined with an ABI PRISM 3100 genetic analyzer (Applied Biosystems Inc., Foster City, CA) against a GENESCAN-500 LIZ Size Standard (Applied Biosystems). The 8 loci were genotyped using GeneMapper 3.5 software (Applied Biosystems). When locus data were missing for a given sample (embryo, megagametophyte, or needle), that sample was not used for the statistical analyses. To identify paternal alleles, the alleles at every locus in the maternal inherited megagametophyte (n) were subtracted from the biparentally inherited embryo alleles (2n). For example, if an embryo carried alleles A and B, and the maternal allele was B, allele A was paternal. The number of samples for the statistical analysis per population is shown in Table 1 .
Diversity in the Populations
To confirm the polymorphisms amplified by the 8 primers, the mean number of detected alleles per locus (A), mean allelic richness (R) (El Mousadik and Petit 1996) , mean observed heterozygosity (Ho), and mean Nei's unbiased gene diversity (H E ) (Nei 1987) were calculated using FSTAT v. 2.9.3 software (Goudet 1995) . The exclusion probability of PA, the area of the population; PS, the size of the population; Plot, the number of plots set in each population. Data of PA and sample size of the adult trees were extracted from Ozawa et al. (2012) . the first parent (E) was calculated using CERVUS 3.0 software (Kalinowski et al. 2007) To estimate the genetic diversity of the samples (trees, seeds, maternal alleles, and paternal alleles), 3 parameters were calculated: R, mean private allelic richness (PR; Kalinowski 2004) , and H E . H E was calculated using FSTAT, whereas R and PR were estimated using HP-RARE v. 1.0 software (Kalinowski 2005) . The fixation indexes (F IS ) of trees and seeds were also calculated using FSTAT, and significant deviations of F IS from Hardy-Weinberg equilibrium under Bonferroni correction were tested by randomization in FSTAT (P < 0.05). Significant differences in R, PR, and H E between samples in each population were identified with the Mann-Whitney test, and significant differences among pooled samples of the 8 populations were tested by analysis of variance (Anova). These tests were performed under Bonferroni correction (P < 0.05) using StatView.
To evaluate the impact of fragmentation on genetic diversity in the population, the significance of the relationships between the scale of the population (the logarithm of the area of the population [PA] or the size of the population [PS] ) and each of the 3 parameters for each sample was tested by Spearman's rank correlation analysis in StatView.
Parentage and Sibship Reconstruction
The contributions of trees within a population to the seed rain was used to estimate gene flow within the population. First, parentage assignment based on the pair-wise likelihood approach was used to correctly distinguish cryptic gene flow (Gerber et al. 2000) . FaMoz software (Gerber et al. 2003) was used to determine which seeds had candidate parents in each population. Second, pseudo-offspring were simulated from a hypothetical tree in the population. For example, when maternal parentage was analyzed, the pseudo-offspring carried known maternal alleles and a dummy paternal allele; conversely, when paternal parentage was analyzed, the pseudo-offspring carried known paternal alleles and a dummy maternal allele. In each population, parentage analysis was performed for pseudooffspring using the sampled trees as candidate parents. For a detailed description of the analysis, see Ozawa et al. (2012) . Finally, the observed probability that sampled seeds had the same candidate parent or parents within population (i.e., halfor full-sibs) was calculated as P o = n o /n, where n o is the number of the seeds whose parent or parents were sampled trees within population, and n is the sample size of the seed. The expected probability was calculated under the assumptions that all trees in the population contributed equally to the seed rain and of restricted self-fertilization: P e = n e /PS in halfsibship; P e = n e (n e − 1)/PS 2 in full-sibship, where n e is the number of sampled trees in each population. The difference between P o and P e was assessed by Fisher's exact probability test under Bonferroni correction using StatView (P < 0.05).
The contributions of trees both within and outside the population to the seed rain were evaluated to estimate total gene flow. Then, sibship reconstruction (Wang 2004; Ashley et al. 2008 ) was used to estimate inbreeding in the seed rain. The algorithms of this approach use multilocus genotypes of offspring and maximum likelihood techniques (i.e., the group likelihood approach) to group offspring into different classes of relationship: full-siblings, half-siblings, and unrelated. In COLONY 2.0 software (Jones and Wang 2010) , offspring were first clustered into sibship groups using a simulated annealing approach to maximize the group likelihood values. The error model simultaneously handles 2 types of errors: null alleles or allelic dropout, and other stochastic error such as mutation or typing errors. This method completely recovers large families (50-1600 samples), even when more than 5 SSR markers are used in the simulation (Wang 2004) . Karaket and Poompuang (2012) asserted that the group likelihood approach would be more effective for identifying parentage and sibships than the pair-wise likelihood approach (Marshall et al. 1998; Kalinowski et al. 2007 ). However, when marker information is very scarce, large families tend to be split and small families tend to be merged in reconstruction (Wang and Santure 2009 ). Sefc and Koblmüller (2009) pointed out that this method performed well with at least 5-7 markers of H E = 0.84 (exclusion probability P = 0.9969). Recently, the group likelihood approach has been used for large samples in natural populations such as bumblebee (Lepais et al. 2010 ) and abalone (Read et al. 2012) .
Full-sibling relationships of the seeds in each population were estimated using COLONY 2.0 based on sampled seeds and trees. Paternal and maternal sibling relationships of the seeds in each population were estimated for seeds and pseudooffspring. For example, the full-siblings of the seed in pf1 were estimated at 57 seeds and the half-siblings at 57 pseudooffspring. We accounted for genotyping errors of 0.5% allele dropout rate and 1.5% other types of error. The numbers of seeds having the same father, mother, or both; the number of sibship groups; and the number of members in each group were counted. In each population, significant differences between paternity and maternity in the numbers of siblings and in the numbers of sibling groups were evaluated with chisquare tests of independence using StatView (P < 0.05).
The variety of parents in the seed rain was also evaluated using the maximum likelihood estimate of breeding parent MLE (N) calculated with PATRI software (Signorovitch and Nielsen 2002) for sampled trees and pseudo-offspring in each population. Differences in MLE (N) between paternity and maternity in pooled samples of the 8 populations were statistically evaluated with the Mann-Whitney U test (P < 0.05).
Finally, to evaluate the impact of fragmentation on inbreeding estimated by paternity analysis, sibship reconstruction, and MLE (N) the relationships between the scale of the population (the area of the population [PA] or the size of the population [PS] ) and the rate of siblings or MLE (N) were tested with Spearman's rank correlation analysis under Bonferroni correction using StatView (P < 0.05).
Results
Profiles of the P. densiflora Populations
The area of the populations (PA) ranged from 0.3 ha in pf2 to 3.7 ha in pf8. The size of the populations (PS) ranged from 179 trees in pf2 to 2956 trees in pf4. A significant relationship between PS and PA was detected (P < 0.05). Thus, tree density of the selected populations did not decrease extremely due to pine wilt disease, that is, the number of trees surrounding a seed trap can be regarded as equivalent among populations.
Genetic Diversity in the Populations
Nei's unbiased gene diversity (H E ) ranged from 0.805 in bcpt703 to 0.930 in bcpt502, with a mean of 0.866 (Table 2) . The exclusion probability of the first parent (E) over 8 loci was 0.9996. Polymorphism at these 8 loci was considered adequate for the paternity analysis and met the requirements for sibship reconstruction analysis (Sefc and Koblmüller 2009) . The high E of 0.9996 indicates substantial genetic resolution in paternity analysis because assignment error is estimated less than a few percent (Type I error rate is less than 2.8 % and Type II error rate is less than 14.6 % at E = 0.994 with 5 markers, Ozawa et al. 2012) , and genetic resolution beyond E = 0.99 does not increase the precision of 2-generation analyses such as pollen dispersal estimates (Austerlitz and Smouse 2002) .
In each population, most genetic diversity parameters were not significantly different between samples (trees, seeds, maternal alleles and paternal alleles of the seeds) (Table 3) . When the data for the 8 populations were pooled, the R value for the seeds (R = 15.67) was significantly larger than that of both the trees (R = 14.05) and the maternal allele (R = 12.01) (P < 0.05, respectively). The scales of the population, the area of the population (PA) and the size of the population (PS), were not significantly correlated with the genetic diversity parameters (R, PR, and H E ) in the populations (Table 4) .
Parentage Analysis
The observed probability of the seeds assigned to candidate parents within each population (P o ) ranged from 0 in 4 populations (pf3, pf4, pf6, and pf7) to 0.09 in pf2 (5 of 55 sampled seeds) (Figure 2a ). These were comparatively large (PS > 2660 trees), except pf7. In 4 populations (pf1, pf2, pf5, and pf8), P o was significantly larger than the expected probability (P e ). These were comparatively small populations (PS < 847 trees) except pf8.
The observed probability of seeds assigned to paternal candidate parents within each population (P o ) ranged from 0 in pf4 to 0.19 in pf1 (11 of 57 sampled seeds) ( Figure  2b ). The P o for maternity ranged from 0 in pf4 to 0.39 in pf5 (13 of 57 sampled seeds). In pf4, no seeds had parental candidates within population. In 7 population except pf4, P o were not significantly different from P e or significantly larger then P e . In 3 populations (pf2, pf3, and pf7), neither paternal nor maternal P o were significantly different from P e . In 3 populations (pf1, pf5, and pf8), P e was significantly smaller than both paternal P o and maternal P o . In pf6, maternal P o was significantly larger than P e , but paternal P o did not differ significantly. Significant differences between paternal and maternal P o was not detected in 5 populations (pf1, pf2, pf3, pf4, and pf7). Maternal P o was significantly larger than paternal P o in 3 populations (pf5, pf6, and pf8). R values adjusted to a sample of 58 genes in the tree and adjusted to 94 genes in the seed, the maternal allele, and the paternal allele. Significant difference in parameters (PR, R, and H E ) of all populations between the samples was tested by Anova with Bonferroni correction (P < 0.05), and significant difference of each population between samples was tested by Mann-Whitney U test with Bonferroni correction (P < 0.05). Different letters next to the figures in the column showed significant difference.
F IS values were tested on significant deviation from 0 by 1000 randomizations (P < 0.05).
Sibship Reconstruction
The percentage of seeds that were full-siblings ranged from 0% in pf4, pf5, and pf8 to 10% in pf6 (6 of 60 sampled seeds), with a mean of 4% (Figure 3 ). The percentage of paternal siblings in the seeds ranged from 36% in pf8 (21 of 58 sampled seeds) to 55% in pf6 (33 of 60 sampled seeds). Conversely, the rate of paternally unrelated seeds ranged from 45% in pf6 to 64% in pf8, with a mean of 55%. The percentage of maternal siblings in the seeds ranged from 45% in pf3 (26 of 58 sampled seeds) to 66% in pf7 (38 of 58 sampled seeds), with a mean of 56%. The rate of maternally unrelated seeds ranged from 34% in pf7 to 55% in pf3, with a mean of 44%. The number of paternal and maternal siblings in each population was not significantly different, except in pf2, which had significantly more maternal than paternal siblings (P < 0.05). Related seeds were classified into sibling groups having a shared parent (Figure 4) . The number of paternal sibship groups (2 or more than 2 members) ranged from 9 in pf8 to 14 Figure 2 . The probability that sampled seeds were parented by 1 (a, full-siblings) or 2 (b, half-siblings) candidate trees within each population. P e , the expected value; P o , the observed value; *, significant difference assigned by Fisher's exact probability test under Bonferroni correction (P < 0.05). Table 4 Sperman's rank correlation coefficient of the relationship between the genetic diversity parameters of the samples (tree, seed, maternal allele, and paternal allele) and the scale of the population full-siblings paternal siblings maternal siblings * Figure 3 . The ratio of siblings to all sampled seeds in each population estimated by sibship reconstruction. *, significant difference in the number of siblings between paternity and maternity was assessed by chi-square test for independence (P < 0.05). The number of members of the sibship group in 3 populations (pf3, pf4, and pf7); the number of maternal sibship groups ranged from 8 in pf6 to 13 in pf1. Significant differences in the number of paternal versus maternal sibling groups was not detected (P < 0.05). Among paternal sibship groups, those with 2 members were most common, ranging from 70% in pf2 (7 of 10 groups) to 100% in pf4. Similarly, maternal sibship groups with 2 members were also common, ranging from 25% in pf6 (2 of 8 groups) to 69% in pf1 (9 of 13 groups). The largest paternal group had 11 seeds (pf6), and the largest maternal sibship group had 14 seeds (pf7). The MLE (N) values of breeding parent for paternity ranged from 202.7 in pf5 to 1684.1 in pf7, with a mean of 626.5 (Table 5 ). The MLE (N) values for maternity ranged from 82.9 in pf5 to 1682.4 in pf7, with a mean of 482.3. Posterior expectations of the number of sampled seeds from sampled trees were 0 in pf3 and pf4. Thus, MLE (N) values of these populations could not be calculated with PATRI. No significant differences between paternal and maternal MLE (N) in pooled samples of 8 populations were detected.
The percentage of full-siblings estimated by paternity analysis was significantly negatively correlated with PA (ρ = −0.786, P < 0.05). Other parameters in the rate of siblings' percentage and MLE (N) were not significantly correlated with PA or PS (Table 6 ).
Discussion
Genetic Diversity in P. densiflora Populations
The estimated genetic diversity of the trees, seeds, maternal alleles, and paternal alleles in 8 fragmented populations was similar to those in a natural P. densiflora population surrounded by many mature trees (Iwaizumi et al. 2007 ) or a preserved P. densiflora population almost isolated from other mature trees (Lian et al. 2001 ). Using microsatellite loci, H E value was estimated to be 0.898 (Iwaizumi et al. 2007 ) and 0.915 (Lian et al. 2001) in trees, ranged from 0.862 to 0.934 (Lian et al. 2001) in seeds, and ranged from 0.785 to 0.937 (Iwaizumi et al. 2010) in gametic alleles of the seeds. The gametic-allele R values ranged from 6.87 to 19.08 (Iwaizumi et al. 2010) . Moreover, genetic diversity was not influenced by the population scale because no significant correlation was detected between the genetic diversity parameters and either PA or PS. Thus, the fragmented populations in this area maintained high genetic diversity, regardless of the extent of fragmentation.
Pollen-Mediated and Seed-Mediated Gene Flow Within Population
The high genetic diversity of the filial and gametic generations in the fragmented populations indicated that novel alleles were provided by sufficient donors. Unfortunately, this assumption was partly supported by gene flow within population (i.e., inbreeding estimated by parentage analysis). P o of full-siblings was significantly larger than P e in 4 populations (pf1, pf2, pf5, and pf8). P o of half-siblings was not different from P e or significantly larger than P e in 7 populations except pf4. These results showed that gene dispersal and/or gene donors within population were limited in many populations because the contributions of parents within those populations were large or the same as expected. If gene dispersal and/or gene donors were limited, saplings should aggregate around parents, producing spatial family structures of half-or full-siblings (Hardy et al. 2004; Robledo-Arnuncio et al. 2004a) . The percentage of siblings in the seed rain was weakly negatively correlated with population scale (significantly so in full-siblings). These findings suggested that pollen and seeds were dispersed from a few individuals in small populations, whereas movement of pollen and seeds within large populations was similar to random mating. Accordingly, the intrapopulation parental contribution was large. This suggestion supports the dogma that the vast majority of genes disperse only short distances from parent plants (Willson 1993; Dyer and Sork 2001; Hanaoka et al. 2007 ). However, the results that 1) the sampled seed was inferred to be a random mating population and 2) the high genetic diversity of paternal and maternal alleles in seeds was maintained regardless of the scale of the population are difficult to explain solely by limited gene flow within populations. Active gene flow, especially in seeds, was predicted.
Pollen-Mediated Gene Flow Among Populations
In sibship reconstruction analysis, the allele frequency and correlated mating were estimated using only the allele frequencies of the seed rain. Thus, estimated correlated mating should reflect gene flow both within and among populations. In this study, many donors contributed to the seed rain because about half of sampled seeds were estimated to be outbred (45-64% in paternity; 34-55% in maternity) and many sibship groups had only 2 members (>70% in paternity; >25% in maternity). Even in small populations, seed rain had sufficient paternal and maternal donors because neither the percentage of siblings nor MLE (N) was significantly correlated with the scale of the population. Considering that gene dispersal and gene donor limitations within population were suggested by the parentage analysis, LDD gene flow among populations via both pollen and seeds appeared to contribute to the genetic diversity of the seed rain. That LDD of pollen from outside populations contributed to the seed rain is supported by past findings that the immigrant pollen was easily accepted into smaller population (Sork and Smouse 2006; Bacles and Ennos 2008; Nakanishi et al. 2008) and that pine pollen showed robust dispersal (Schuster and Mitton 2000; Burczyk et al. 2004; RobledoArnuncio and Gil 2005; Iwaizumi et al. 2010) . The contribution of pollen LDD to the seed rain is also suggested by comparing our values for the percentage of full-siblings. The percentage of full-siblings in the sampled seeds (0-10%, mean 4%) was similar to other wind-pollinated and wind-dispersed tree species for which gene flow to other populations has been estimated. For example, the biparental inbreeding rate ranged from 0.003 to 0.032 in Phoenix sylvestris subpopulations in a conspecific woodland (Robledo-Arnuncio et al. 2004b ) and from 0.021 to 0.041 in fragmented populations of Picea glauca in which more than 87% of the paternal contribution came from outside the populations (O'Connell et al. 2006 ). These findings indicated that pollen immigrated from other populations and prevented female gametophytes from accepting the pollen of a father from within the population. Moreover, H E values of the pollen flowing over fragmented populations in this study area ranged from 0.894 to 0.906 (Ozawa et al. 2012) , which were significantly higher than values for the paternal alleles estimated in this article (Anova, P < 0.01, data not shown). Thus, interpopulation pollen improved the genetic diversity of the seed rain.
Seed-Mediated Gene Flow Among Populations
The scenario of seed-mediated gene flow is difficult to reconcile with that of pollen-mediated gene flow. That is, the probability that seeds dispersed from other populations and contribution to the seed rain seems low. However, we cannot prove that seed dispersal occurred only within population because significant differences between paternity and maternity were not detected in many parameters of genetic diversity, parentage analysis, and sibship reconstruction (e.g., PR, H E , P o , the percentage of siblings, and MLE (N). Some dispersal data from winged-seeded pines also suggest that seed donors from different populations partly contribute to the genetic diversity of the seed rain. Nathan et al. (2001) simulated the frequency distribution of 100 000 randomly selected dispersal distances; 3482 (3.5%) of the records were > 100 m apart, 217 (0.2%) records were > 1 km, and the maximum simulated distance was 216 km. In addition to horizontal winds, strong turbulent updrafts with timescales on the order of seconds promote the LDD of seeds via events such as uplifting of parachute (Nathan et al. 2002; Nathan and Katul 2005) . Actually, Iwaizumi et al. (2010) found that 17.8-20.2% of maternally derived gametes of sampled seeds in the natural population had immigrated from other populations more than 100 m distant. Thus, we assumed that if seed LDD occurs at a certain level, related seeds are sometimes removed from the population and unrelated seeds immigrate from outside the population. Accordingly, active seed-mediated gene flow would decrease the contribution of seed donors within the population and improve the genetic diversity of the seed rain. When many conspecific populations surround a fragmented population as in this study area, LDD events of seeds may not be rare.
In conclusion, we clarified that the genetic diversity of trees, seeds, and seed gametic alleles was maintained at high levels in fragmented P. densiflora populations. The pollen-and seed-mediated gene flow among and within population was assumed to contribute to the high genetic diversity, especially in small populations. We emphasize that pine seeds may have excellent potential for gene exchange within and among populations. In this study area, fragmentation did not affect the genetic diversity of the seed rain in P. densiflora populations. However, processes following seed rain, including seed predation, seed germination, and seedling recruitment, have important effects on the survival and spatial distribution of seeds (Wang and Smith 2002) . Thus, the effects of seed LDD on the genetic diversity of fragmented population varied widely with initial population conditions (simulated by Bohrer et al. 2005) . To clarify how fragmentation affects populations of P. densiflora, detailed studies are needed on postrain processes and on how seed LDD affects genetic diversity.
